Among the factors that regulate transcription of eukaryotic genes is a family of proteins known as nuclear factor 1 (NF1), CCAAT-box-binding transcription factor (CTF), or CCAATbox-binding protein (1) (2) (3) (4) . These proteins are related in that they all bind to double-stranded sequences containing TGG and its complement, CCA making contact with the adjacent guanosines (4). NFl-like pNroteins bind to the promoters of many genes, including the gene for 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reductase), the rate-determining enzyme in cholesterol synthesis (5).
(designated NF1/CTF) binds to the CCAAT box, making contact with TGG on the opposite strand and activating transcription of the human a-globin gene (1) . NF1/CTF binds with highest affinity to sequences that contain the inverted repeat TGGN7CCA. It also binds to "half-sites" that contain only one copy of TGG. Purified NF1/CTF consists of a family of proteins in the molecular weight range of 55,000-62,000. Santoro et al. (3) isolated three cDNAs for NF1/CTF proteins from human HeLa cells. All of the mRNAs were derived from a single gene by alternative splicing and differed by the presence or absence of an insertion in the middle ofthe protein and the presence of various COOH termini. All three proteins, when produced in Escherichia coli, bound to the NF1/CTF recognition sequence, and at least two of them stimulated replication of adenovirus in vitro.
Another member of the NF1/CTF family is the TGGCAbinding protein, which was described in chicken liver (8) and believed to have a molecular weight in the 30,000 range. The cDNA for this protein, designated pNF1/L, was isolated from rat liver (9) . It encodes a protein of 505 amino acids, which was proteolyzed during its isolation. The first 175 amino acids of the rat TGGCA-binding protein show 98% identity with the NH2 terminus of human NF1/CTF, and the remaining portion shows an identity of "50% (3, 9) .
The 5' flanking region of the reductase gene contains the information necessary for transcription of the gene as well as for feedback repression by sterols. This region contains eight sequences that bind nuclear proteins as revealed by DNase I protection assays (10) . We have purified (5) a protein doublet of 33 and 35 kDa, designated reductase promoter factor (RPF) that produces six of the eight footprints. The two proteins were active as monomers, and both recognized all six footprinted sequences. The only sequence shared by all six footprinted regions is the trinucleotide TGG. Methylation-interference analysis showed that both of the adjacent guanosines in this sequence made contact with RPF (5) .
The HMG-CoA reductase sequence that binds RPF with highest affinity (designated footprint 2B) contains the inverted repeat TGGN7CCA (5) . The other five RPF-binding sites contain only half-sites. We speculated that RPF belonged to the NF1 family, and we demonstrated by gel retardation assays that RPF bound with high affinity to an oligonucleotide corresponding to the NFl-binding site in the adenovirus origin of replication (5) . The question remains as to whether NF1/CTF and RPF are products of the same gene with differences in behavior attributable to alternative splicing, or whether multiple genes for this protein family exist.
In the current study, we obtained partial amino acid sequences for the two RPF proteins and used this information to isolate cDNAs § for two related but genetically distinct NFl-like proteins. The genome contains at least three genes of the NF1/CTF family and that at least two of these proteins bind to the HMG-CoA reductase promoter.
MATERIALS AND METHODS
General Methods. Standard molecular biology techniques were used (11) . cDNA clones were sequenced by the dideoxy chain-termination method (12) with either the M13 universal sequencing primer or specific oligonucleotides after subcloning into bacteriophage M13 vectors. Sequencing reactions were performed with the Klenow fragment of E. coli DNA polymerase I (12) or a modified bacteriophage T7 DNA polymerase (13) . Total cellular RNA was isolated by guanidinium thiocyanate extraction followed by centrifugation through a cesium chloride cushion (14) . Blot hybridization of RNA was performed as described (15) with single-stranded 32P-labeled probes (16) .
Amino Acid Sequence of RPF Peptides. Approximately 300 pmol of purified RPF (5) was subjected to NaDodSO4/ polyacrylamide gel electrophoresis and transferred to nitrocellulose sheets for solid-phase tryptic digestion (17) . Peptides were separated by reverse-phase HPLC on a Brownlee RP300 (2.1 x 1000 mm) C8 column in 0.1% trifluoroacetic acid with a gradient of 0-50%o (vol/vol) acetonitrile for 120 min at 50 ttl/min. Peaks were collected manually on 1-cm Whatman GF/C discs. Cysteines were reduced and alkylated (18) .
Peptides were sequenced on an Applied Biosystems (Foster City, CA) model 470A sequencer (Fig. 1 Polymerase Chain Reaction (PCR). A 0.5-,ug aliquot of the hamster liver cDNA library was used as a template for PCR (20, 21) . Oligonucleotide primers were based on the NH2-and COOH-terminal sequences of peptide A3, which was identical to peptide B2 (Fig. 1) . The two primers included all degenerate codons as shown in Fig. 2 . Seventy picomoles of each primer were used. One primer was end-labeled with [y-32P]ATP and T4 kinase. The amplification reaction mixture was boiled, after which the PCR was carried out sequentially for 1.5 min at 94°C, 2.5 min at 40°C, and 5 min at 50°C with Taq I polymerase. After 35 cycles, the products were loaded onto a 7% polyacrylamide gel. A major product of 59 bp was localized by autoradiography, cut from the gel, eluted (11) , and subjected to Maxam-Gilbert sequencing (22) . Translation of the nucleotides between the primers gave the expected amino acid sequence, and a 31-mer oligonucleotide corresponding to the sequence between the primers was synthesized and used to screen the cDNA library (Fig. 2 ). 
RESULTS
RPF was isolated as a protein doublet from hamster liver nuclei as described (5). The two major components, A and B, were separated on 35-cm NaDodSO4/polyacrylamide gels ( Fig. 1 ) and digested with trypsin. The peptide profiles from the two proteins were different after fractionation by HPLC. Amino acid sequences from several peptides in each protein were determined ( Fig. 1) . One peptide was identical in both proteins (peptides A3 and B2). Other peptides were similar, yet sufficiently different to suggest derivation from different genes.
To derive an unambiguous probe that would hybridize to cDNAs from both genes, we used the PCR. We prepared a cDNA library from Syrian hamster liver and incubated it with degenerate oligonucleotides predicted to hybridize to the upper and lower strands of the DNA encoding the NH2-and COOH-terminal ends ofpeptide A3/B2 (Fig. 2) . The products of the PCR were subjected to electrophoresis, and the predicted 59-bp fragment was isolated and sequenced. The DNA sequence of the codons corresponded to the sequence of the tryptic peptide in the region between the two primers (Fig. 2) . This sequence was used for cDNA cloning.
A AgtlO cDNA library prepared from the liver yielded three positive clones that were subsequently subcloned as plasmids. One corresponded to the lower molecular weight protein of RPF (protein B); it is designated pNFl/Redl. Two other cDNAs had coding regions that were identical to each other, designated pNF1/X. It encoded a protein with peptides that were similar but not identical to the peptides in proteins A and B. pNFl/Redl hybridized to a 8.7-kilobase mRNA in CHO cells (Fig. 3, lane 1) and Syrian hamster liver (lane 2). pNF1/X hybridized to a smaller 6.1-kilobase mRNA in the same tissues (lanes 3 and 4). 3) and hamster liver (lanes 2 and 4) was denatured with glyoxal and fractionated on a 1.5% agarose gel, transferred to a Nylon membrane, and hybridized with probes corresponding to nucleotides 39-763 of pNFI/Redl (lanes 1 and 2) or nucleotides 98-993 of pNF1/X (lanes 3 and 4). The filters were exposed to x-ray film for 16 hr at room temperature.
The cDNA sequence of pNF1/Redl contained an open reading frame encoding 561 amino acids that predicts a protein of Mr 62,723 (Fig. 4) . The putative initiator methionine is preceded by a terminator codon located 12 bp upstream. The predicted 5' untranslated region is unusually Proc. Natl. Acad. Sci. USA 85 (1988) 8965 long. Primer extension and S1 nuclease mapping indicated that the cloned cDNA was colinear with the mRNA and that the 5' untranslated region is about 820 nucleotides (data not shown). The amino acid sequence included all four of the peptides that were found in protein B of RPF.
The sequence of pNF1/X contained an open reading frame encoding 441 amino acids with a predicted molecular weight of 48,842 (Fig. 5) . Preceding the putative initiator methionine was an extremely G+C-rich 5' untranslated region (86% G+C). The first upstream terminator codon occurred 168 nucleotides upstream. S1 nuclease mapping showed that the mRNA was colinear with the cDNA and predicts a 5' untranslated region of at least 337 nucleotides. The predicted amino acid sequence encoded by pNF1/X included sequences that corresponded to peptides A3/B2 (residues 123-138 in Fig. 5 ) and A2 (residues 99-111). There was no identical match with any other peptides obtained from RPF proteins A and B.
DISCUSSION
The sequences of all NF1-like proteins studied to date are compared in Fig. 6 Fig. 4 . The entire sequence was determined on both strands. A poly(A) tail and consensus poly(A) addition signal (AATAAA) are located at the 3' end.
two of these genes. Protein B is encoded by NF1/Redl, one of the cDNAs that was isolated in the current study. Protein A appears to be encoded by pNF1/L, which was cloned from the rat (9) . The peptides from protein A show only 3 mismatches out of 81 amino acids when compared with rat NF1/L (Fig. 6 ). These 3 mismatches, which involve amino acids at the extreme COOH terminus of two of the five peptides, may reflect peptide sequencing error or species divergence. The peptides of protein A show a lower level of identity with the other NFl-like proteins (at least 14 mismatches out of 81 residues).
The third hamster gene is the one encoding pNF1/X. This cDNA was obtained by screening a hamster cDNA library with an oligonucleotide corresponding to a protein sequence shared by all known members of the NF1 family. The sequence of pNF1/X did not correspond to either of the hamster RPF proteins and, therefore, pNF1/X must be encoded by a third hamster NFl-like gene. A fourth member of the NF1 family is NF1/CTF, which has been isolated so far only from human cells (3) . This gene undergoes alternative splicing to generate three proteins, none of which matches the sequence of the hamster genes or rat NF1/L. It seems likely that the hamster genome contains a fourth gene for the NF1 family which would encode NF1/CTF. The NF1-like proteins shown in Fig. 6 show a nearly complete identity over the first 170-190 amino acids at the NH2-terminal end, and a lower level of identity in their COOH-terminal portions. All of the peptides isolated from proteins A and B of RPF are found in the NH2-terminal half of the proteins. This suggests that both proteins had been cleaved proteolytically, and only the NH2-terminal half was isolated. Inasmuch as these proteins were isolated by oligonucleotide affinity chromatography, the NH2-terminal half must contain the DNA-binding domain. A similar conclusion was reached by Paonessa et al. (9) .
The COOH-terminal portion of each of the four NF1-like proteins is enriched in serine, threonine, and proline. They account for 32-40% of the amino acids in this region. Jackson and Tjian (24) showed that many transcription factors, including NF1/CTF, are subjected to O-linked glycosylation. The serine/threonine-rich COOH-terminal half of the NF1-like proteins may be the site of this modification.
Why are there so many different NF1-like proteins? The NH2-terminal regions, which contain the DNA-binding domains, are nearly identical in all of the proteins, implying similar DNA-binding properties. Indeed, all of these proteins recognize TGG. Purified RPF or NF1/CTF does not bind to every TGG-containing sequence, and thus nucleotides outside of this core element must influence DNA-binding specificity, raising the possibility that some of the protein sequence divergence at the NH2 terminus may contribute to differential DNA binding. However, it is unlikely that this is the sole reason for the sequence divergence. A more likely hypothesis, based on the current studies and those of others (3, 9) , is that the divergent COOH-terminal regions of the proteins may engage in protein-protein interactions that modify the DNA binding.
A working model to explain this diversity is shown in Fig.  7 
